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Zinc cations at concentrations of 0,2 mM and greater catalyzed specific phosphorylation, by ATP, of two membrane-associated proteins from rat 
hippocampus. These proteins, corresponding to molecular weiats of 60 and 49 kDa, were phospharylated primarily at tyrosine residues. The 
60.kDa protein was identified as pm*” by immunoprecipitation using two different p60”-specific monoclonal antibodies. The 49.kDa protein 
co-immunopreeipitated with ~60~~. Cyanogen bromide cleavage of ~60’“” and the 49.kDa protein phosphorylated in the presence of Zn” gave 
different patterns of phosphopeptides, It is suggested that tyrosine phosphorylation of ~60’“” and the p6(F --associaled 49.kDa protein may be 
a way of zinc participation in hippocampal neurotransmission. 
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1. INTRODUCTION 2.2. Prepurarion of nvfnbrune jiuction from rar hippocw~ipus 
Zinc is considered to play an important role in the 
central nervous system [11 where this element is concen- 
trated primarily in the hippocampus. The concentration 
of zinc in mossy fibers of human and rat hippocampus 
has been estimated at 0.22-0.30 mM [2]. Zn’+ is actively 
taken up and released from the mossy fibre terminals 
during stimulation of nerve fibre tracts [3,4], suggesting 
that it may act as a neuromodulator. However, the 
functional significance of zinc for neurotransmission is
currently unknown. 
Zinc has been shown to modulate protein kinase C [SJ 
and calmodulin-stimulated protein kinase II [6] activi- 
ties. Zn’)+, acting as the sole bivalent cation, induced 
tyrosine kinase activities of human and sheep platelet 
membranes [7,8]. One of us has observed zinc-induced 
tyrosine phosphorylation of ~56”~ (a protein kinase of 
the SW family) in particulate fraction from lymphoma 
cells [9]. Keeping in mind the significant role of protein 
phosphorylatior. in intercellular communication, we 
have analyzed in this study the ability of Zn” to induce 
phosphorylation of membrane-associated proteins from 
rat hippocampus. 
2. MATERIALS AND METHODS 
2. I. MaIeriais 
[y-3zP]ATP (> 5,001) Ci/mmol) was purchased from Amersham. The 
anti&c monoclonal antibody, 327, was a gift of J. Brugge (University 
of Pennsylvania). Th; anti&c monoclonal antibody, LAO, was from 
NC1 Repository Microbiological Associates (Bethesda). 
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Six male Wistar rals (2-3 months old; ZOO-300 6) were decapitated. 
hippocampi were removed and homogenized on ice with a glass- 
Teflon Potter homogenizer in 5 vols, of 50 mM Tris-HCI buffer, pH 
7.5, containing SO mM NaCI, 2 mM MgCl, and I mM PMSF. The 
homogenate was centrifuged at 1.000 xg for IO min. and the superna- 
tant was centrifuged at lOO,ooO x g for 60 min. The precipitate was 
homogenized in 50 mM HEPES-NaOH buffer, pH 6.9, containing 5 
mM EDTA and I mM PMSF, and centrifuged at lOO,ooO x g for 60 
min. The po!let was washed with 50 mM HEPES buffer, pH 6.9, 
containing I mM PMSF, resuspended aftcrcentrifugation i the same 
buffer and frozen at -8OOC. The protein concentration ofthc fractions 
was measured by the method of Bmdford [lo]. 
2.3. Protein phosphurylarion assay 
The standard reaction mixture (20 ,ul) contained SO mM HEPES 
buffer, pH 6,9, 0.01-1.0 mM ZnCI, or the salt of another bivalent 
cation. IO-‘-IO-” M [r.“‘P]ATP (I-IO CiImmol) and membrane frae- 
tion proteins (!-2 mg/ml). After incubation for I to 10 min at 37*C 
the reaction was terminated by the addition of 7 fi1 of sample buffer. 
containing 10% SDS and 20% fl-mereaptocthanol. and boiling for 5 
min. The samples were subjected to SDS-polyacrylamide gel electro- 
phoresis on 10% gels, which were then stained with Coomassie blue, 
dried and exposed for autoradiography. 
2.4. Phosphoamitro acid analysis 
Aher phosphorylation and elcctrophoresis the proteins were clec- 
trophoretically transferred from the gel to an lmmobilon (Millipore) 
membrane [ll]. The membrane was exposed for autoradiography. 
Pieces of Immobilon, containing individual phwphoproteins. were 
excised and subjected to acid hydrolysis by 200 ~1 of 6.0 N HCl for 
2 h at I 10°C. The hydrolysate was analyzed by electrophoresis at 800 
V on a cellulose plate at pH 3.5 [12]. 
2.5. Imrnanoprecipikzrion 
Proteins of hippocampal membranes (120-150 pg) were 
phosphorylated ina mixture containing SO mM HEPES, pH 6.9.0.5 
mM &Cl, and 0.1 mM k’?P]ATP(S Ciimmol) for S min at 37’C and 
spun for IO min at 11,000 x g at 4OC. Proteins were extracted from 
the prccipitttcd membranea with a bu!Tercontaining 50 mM Tria-I-U. 
pH 8.1,0.S M KCI, 2% Nonidet P40,10% glycerol, 0.2 mM Na,VO,. 
I mM EDTA and 2 mM dithiothreid, and immunoprecipitatcd ac- 
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cording to [13] using either Sepharcse-monoclonal nti .phosphotyr. 
osinc (Amersham) or one of the amibodies indicated in the legend to 
Fig. 4, followed by Protein A-Sepharosc, Immunoprecipitated pro- 
teins were eluted from washed Sepharose beads by boiling with elec- 
trophoresis ample buffer, and subjected to eleclrophoresis, 
2.6, Cymogett bromide cieovagc ottalysis 
Afier phosphorylation and electrophoresis dried gel bands contain- 
ing individual phosphoproteins were excised and subjected to cyano- 
gen bromide treatment by the method of Takcya et al. 1141, loaded 
onto 18.75% SDS-polyacrylamide gels containing 6 M urea prepared 
as described by Kadenbach et al. [ 1 S] and analyzed by elcctrophoresis. 
3. RESULTS AND DISCUSSION 
Incubation of hippocampal membranes with ATP 
and Zn’* at concentrations greater than 0.2 mM led to 
phosphorylation of 60- and 49.kDa membrane-associ- 
ated proteins (Fig. I), This phosphorylation was ob- 
served at ATP concentrations starting at 0.01 mM, and 
reached a plateau in 5 min at 37OC. The pattern of 
protein phosphorylation caused by Zn’+ was specific in 
comparison with the patterns of phosphorylation in- 
duced by Mg”, Mn?+ and Ca?+ (Fig. I), as well as by 
Fe2+, Ni’*, Co” and Cd” (data not shown). Magnesium 
cations had no significant influence on the protein phos- 
phorylation induced by Zn2+ (Fig. I, lane 9). 
Phosphoamino acid analysis has determined that the 
60- and 49-kDa proteins were phosphorylated in the 
presence of zinc cations primarily at tyrosine and, to 
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Fig. 2. Phasphoamino acid analysis of the 47-kDa protein (lane 1) and 
the 60.kDa protein (lane 2) phosphorylated in the presence of ZnCI,. 
some extent, serine residues (Fig. 2). Both proteins 
bound to phosphotyrosine-specific Sepharose-bound 
monoclonal antibody, and the binding was inhibited by 
pre-incubation of the antibody with phosphotyrosine 
(Fig. 3). Vanadate (an inhibitor of protein tyrosine 
phosphatases) had no effect on the phosphorylation of 
the proteins in the presence of Zn’+ (Fig. i, lane 7j, as 





Fig. 1. Zn”-stimulated protein phosphorylation in rat hippocampal 
membranes washed with EDTA. Phosphorylation by 0.1 mM [p 
“PJATP was performed for5 min in the absence of bivalent cations 
(iau~ 1) and in ihe prev:nce ofZnC1, at concentrations ofO.1 mM (lane 
2). 0.2 mM (lane 3), 0,3 mM (lane 4), 0.4 mM (lane S), 0.5 mM (lanc 
6). or in the presence of 0.5 mM ZnC12 and 0. I mM Na,VO, (lane 7), 
1 .O mM MgCI, (lane 8). 0.5 mM ZnCIz and 1.0 mM MgCI, (lane 9), 
I.0 mM MnCI, (lane IO), or 1.0 mM CaCl, (lane 11). Arrows mark 
tile positions cf the 60. and the 49-kDa proteins, 
Fig. 3. Determination of phosphotyrosine.containing proteins bound 
to Scpharosc-bond monoclonal antibody to phosphotyrosine after 
phosphorylation of hippocampal membranes by 0.1 mM [y-‘*P]ATP 
in the presence of OS mM ZnCl,. Antibody was not pre-incubated 
(lane I) or was pre-incubated with 10 mM phosphotyrosine (lane 2). 
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Fig. 4. Identification of the proteins immunoprecipitated from the 
membranes phosphorylated by Zn[y.3*P]ATP with p60’%pecific 
monoclonal antibodies 327 (lane I) and LAO (lane 3). or with the 
control monoclonal antibodies to leukocyte common antigen (lane 2) 
and to synaptophysin (lxe 4). 
show that Zn” alone, as well as in the presence of Mg*+ 
at physiological concentrations, induces tyrosine phos- 
phorylation of two proteins associated with membranes 
of hippocampus. 
Brain, p~Ad~dy hippocampal pyramidal celis, con- 
tains a high level of the p60”“” [16,17], 60-kDa mem- 
brane-associated Src proto-oncogenc product which is 
phosphorylated at tyrosine residues [1X14]. To eluci- 
Fig. 5. Cyanogen bromide cleavage analysis of p60c”s (lane I) and the 
49.kDa protein (lane 2) phosphorylated in the presence of ZnCl,. 
date whether the 60-kDa protein phosphorylated in the 
presence of Zn”’ is ~60”” we performed irnmunopre- 
cipitation with two different p60’=-specific monoclonal 
antibodies. Both antibodies immunoprecipitated the 6O- 
kDa phosphoprotein (Fig. 4), therefore we concluded 
that this protein is the ~60”‘“. The 49-kDa phosphopro- 
tein co-immunoprecipitated with pm”” (Fig. 4). To 
determine whether 49-kDa phosphoprotein is a degra- 
dation product of p6P‘“, or a pm”-associated pro- 
tein, both ~60”‘” and the 49-kDa protein were subjected 
to cyanogen bromide cleavage analysis. Different pat- 
terns of phosphopeptides for these two proteins (Fig. 5) 
led us to conclude that the 49-kDa protein 
phosphorylated at tyrosine residues in the presence of 
Zn’+ is not a product of p60E’“x proteolysis but a pm’“- 
associated protein. 
The presented results demonstrate that zinc cations, 
at physiological concentrations, stimulate tyrosine 
phosphorylation of p6P”” and the 49-kDa protein as- 
sociated with ~60’~~ in rat hippocampal membranes. 
This is of particular interest because the hippocampal 
pyramidal cells are the major site of pW*” localization 
[ 171 and have an uptake system for the endogenous zinc 
released from mossy fibers in post-synaptic dendrites 
[ 181. Therefore we propose that Zn” may participate in 
hippocampal neurotransmission via protein-tyrosine 
phosphorylation involving phosphorylation of pW”” 
and the p60”““-associated 49-kDa protein. 
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